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A B S T R A C T  

Three  t y p e s  o f  l i g a n d - c o n t a i n i n g  polymers  t h a t  showed h i g h  
s t a b i l i t y  t o  40% KOH i n  o u r  s c r e e n i n g  t e s t s  are now b e i n g  com- 
p r e h e n s i v e l y  e v a l u a t e d  as b a t t e r y  s e p a r a t o r  materials.  They a r e :  
1) 2 - v i n y l p y r i d i n e  - m e t h y l m e t h a c r y l a t e  copo lymers ,  2 )  s t y r e n e  - 
m a l e i c  a n h y d r i d e  copolymers ,  and 3 )  p o l y s t y r e n e s  c o n t a i n i n g  l i g a n d  
s u b s t i t u e n t s .  These po lymers ,  e i t he r  as u n s u p p o r t e d  f i l m s  o r  as 
h e t e r o g e n o u s  membranes on p o l y p r o p y l e n e  s u b s t r a t e s ,  a r e  b e i n g  
e v a l u a t e d  b e f o r e  and a f t e r  a 60-hour exposure  t o  40% KOH s a t u r a t e d  
w i t h  s i l v e r  o x i d e s  a t  135OC. The p r o p e r t i e s  measured i n  t h e  s t u d y  
i n c l u d e  d i m e n s i o n a l  s t a b i l i t y ,  e l e c t r i c a l  r e s i s t a n c e ,  e l e c t r o l y t e  
a d s o r p t i o n ,  t e n s i l e  s t r e n g t h ,  p o r e  s i z e ,  and r e s i s t a n c e  t o  p e n e t r a -  
t i o n  by z i n c  d e n d r i t e s .  Membranes p r e p a r e d  from b o t h  2 - v i n y l p y r i d i n e  - 
m e t h a c r y l i c  a c i d  and s t y r e n e  - m a l e i c  a n h y d r i d e  have shown e l e c t r i c a l  
r e s i s t a n c e s  u n d e r  20 ohm-in. and s u r v i v e d  t h e  above e x p o s u r e  c y c l e  

s a t i s f a c t o r i l y  

P o l y s t y r e n e s  w i t h l i g a n d  s u b s t i t u e n t s  such  as 8 - h y d r o x y q u i n o l i n e ,  
2 -py r idy lme thy lamine ,  and i m i n o d i a c e t i c  a c i d  have  a l s o  been p r e -  
p a r e d .  
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I .  INTRODUCTION 

The p r i m a r y  o b j e c t i v e  of  t h i s  program i s  t h e  deve lopment  of  
b a t t e r y  s e p a r a t o r  mater ia l s  t h a t  w i l l  f u n c t i o n  s a t i s f a c t o r i l y  i n  
a sealed Ag-Zn secondary  b a t t e r y  f o l l o w i n g  heat  s t e r i l i z a t i o n  a t  
1 3 5 O C .  S e v e r a l  t y p e s  o f  l i g a n d - c o n t a i n i n g  v i n y l  po lymers  have  
been  s e l e c t e d  as c a n d i d a t e s  f o r  t h i s  p u r p o s e .  These  polymers  
have  t h e  u n i q u e  a b i l i t y  t o  r e s t r i c t  metal i o n  m i g r a t i o n  i n  t h e  
c e l l  by c h e l a t i o n  o f  t h e s e  i o n s  i n  t h e  form o f  o l a t e d  complexes .  

Our program has been  d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  p h a s e s :  

1. P r e p a r a t i o n  o f  model l i g a n d - c o n t a i n i n g  po lymers .  

2 .  S c r e e n i n g  o f  t h e  model polymers  f o r  t h e r m a l  s t a b i l i t y  a t  
135OC and f o r  h y d r o l y t i c  s t a b i l i t y  i n  4 0 %  KOH a t  135OC. 

3 .  P r e p a r a t i o n  of  copolymers  and membranes u s i n g  polymer 
u n i t s  t h a t  showed h i g h  s t a b i l i t y  i n  o u r  s c r e e n i n g  t e s t .  

4 .  Comprehensive e v a l u a t i o n  o f  o u r  b e s t  membranes as b a t t e r y  
s e p a r a t o r s .  

I n  t h e  f i r s t  p a r t  o f  o u r  program 28 p o l y m w s  were s c r e e n e d  f o r  
t he rma l  s t a b i l i t y  and f o r  s t a b i l i t y  i n  4 0 %  KOH a t  135OC. Three  
g e n e r a l  t y p e s  o f  po lymers  t h a t  showed h i g h  s t a b i l i t y  i n  these  
s c r e e n i n g  t e s t s  have  been s e l e c t e d  f o r  comprehens ive  e v a l u a t i o n  
as s e p a r a t o r  mater ia ls .  These polymers  a r e :  

1. 2-Vinylpyridine - m e t h a c r y l i c  ( and  a c r y l i c )  a c i d  po lymers .  

2 .  P o l y s t y r e n e s  w i t h  l i g a n d  s u b s t i t u e n t s .  

3. S t y r e n e  - maleic a n h y d r i d e  copolymer.  

Dur ing  t h i s  r e p o r t  p e r i o d  o u r  s p e c i f i c  o b j e c t i v e s  were t o :  

1. S t a r t  a comprehens ive  e v a l u a t i o n  of t h e  polymers  t h a t  
showed p romise  i n  t h e  s c r e e n i n g  program. 

2 .  P r e p a r e  l i g a n d  polymers  d e r i v e d  from p o l y s t y r e n e ,  p o l y  
( v i n y l b e n z y l  c h l o r i d e )  and p o l y  ( v i n y l b e n z y l  c h l o r i d e )  - 
m e t h y l  me thac ry la t e  copolymer.  

3. Con t inue  t o  s c r e e n  new c a n d i d a t e  polymers  f o r  s t a b i l i t y  
i n  40% KOH a t  1 3 5 O C .  

1 



11. S U M M A R Y  

A comprehensive evaluation of the following three types of 
polymers as battery separator materials was started: 

1. 2-vinylpyridine - methyl methacrylate and methyl acrylate 
copolymers 

2. Styrene - maleic anhydride copolymers 
3. Polystyrenes with ligand substituents. 

These polymers are being evaluated as unsupported films or as 
heterogenous membranes prepared by casting polymer in a porous 
polypropylene substrate. Stability and durability of these membranes 
at 135OC in 40% KOH and in 40% KOH saturated with silver oxides is 
determined by measuring the following properties of the membranes 
before and after exposure. 

1. Dimensions 

2. Electrolyte adsorption 

3. Electrical resistance 

4. Appearance 

5. Tensile strength 

In addition, tests to measure pore size and resistance to penetra- 
tion by zinc dendrites have been initiated. 

Durable 2-vinylpyridine - methacrylic acid films were made 
by the i n  s i t u  saponification of 2-vinylpyridine - methyl meth- 
acrylate copolymers in 40% KOH. These membranes were more 
durable than 2-vinylpyridine - acrylic acid films prepared by a 
similar procedure, o r  the 2-vinylpyridine - methacrylic acid 
heterogenous membranes. Acid content in the range 55 to 65 mole-% 

bination of low electrical resistance and good durability in 40% 
KOH. Films of this type had approximately 7 ohms-in. resistivity 
in 40% KOH both before and after 60 hours exposure at 135OC in 
40% KOH saturated with silver oxides, and wet (with 40% KOH) 
tensile strength after exposure up to 1000 psi. Similar, un- 
supported styrene - maleic anhydride copolymer films have shown 
lower electrical resistances and slightly better resistance to 
penetration by zinc dendrites than 2-vinylpyridine copolymer 
films. Other ligand polymers were also prepared by polymerizing 
maleic anhydride and diethyl fumarate with 2-vinylpyridine. 
However, both copolymers had low molecular weight and did not 
give usable films. 

--- I n  thnqn -.--I- s s p ~ n i f i e : !  c=p=lypAers gave t h e  f i l ~ ~ s  !.!ith thp h p s t  ~ c m -  

2 
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Ligands are also being substituted onto polystrene and 
polystrene - methyl methacrylate backbones. 
that were prepared include poly(vinylbenzy1-2-pyridylmethy1amine)- 
methyl methacrylate copolymer, poly[N-ar-vinylbenzyl) iminodiacetic 
acid], and poly[~,5-(methylene-8-hydroxy~uinol~no)vinylbenzene]- 
styrene copolymer. 

However, this polymer decomposed in 40% KOH at 135°C. 

Polymers of these types 

Poly(4 ,6-d iamino-2-v inyl -sym-t r iaz ine)  was also prepared. 

3 



111. DISCUSSION O F  R E S U L T S  

A .  S Y N T H E S I S  OF L I G A N D - C O N T A E N I N G . P O L Y M E R S  

1 .  V i n y l p y r i d i n e  C o p o % y m e r s  

shown below were found t o  be e x c e p t i o n a l l y  s t a b l e  i n  4 0 %  KOH. 
2 - V i n y l p y r i d i n e  copolymers  c o n t a i n i n g  t h e  l i g a n d  g r o u p i n g  

[ 01 CH-CH.-i,[l- ] 
n 

Although t h e  f i r s t  polymers  o f  t h i s  t y p e  t e s t e d ,  2 -v iny l -  
p y r i d i n e - m e t h a c r y l i c  a c i d  copo lymers ,  gave p o o r  f i l m s ,  u s a b l e  
membranes were made by t h e  i n  s i t u  s a p o n i f i c a t i o n  i n  4 0 %  KOH o f  
a f i l m  o f  t h e  c o r r e s p o n d i n g  e s t e r  copolymer ( r e f .  1). 

S e v e r a l  t y p e s  o f  2 - v i n y l p y r i d i n e  copo lymers ,  d i s c u s s e d  
below,  were p r e p a r e d  t o  f i n d  polymer c o n f i g u r a t i o n s  w i t h  t h e  
optimum combina t ion  o f  f i l m - f o r m i n g  a b i l i t y  and low e l e c t r i c a l  
r e s i s t a n c e .  Data d e s c r i b i n g  t h e s e  polymers  are  i n  T a b l e  1. 
They were p r e p a r e d  by  b u l k  p o l y m e r i z a t i o n  i n  a n i t r o g e n  atmos- 
p h e r e .  

a .  2-Vinylpyr id ine-Methyl  M e t h a c r y l a t e  and A c r y l a t e  
Copolymers 

Copolymers w i t h  v a r y i n g  e s t e r  c o n t e n t s  f rom which t h e  
c o r r e s p o n d i n g  a c i d  copolymers  are d e r i v e d  by i n  s i t u  s a p o n i f i c a t i o n  
i n  b a s e  were p r e p a r e d .  A l l  t h e  e s t e r  polymers  y i e l d e d  f l e x i b l e  
f i l m s .  Acid copolymers  d e r i v e d  from t h e  c o r r e s p o n d i n g  m e t h a c r y l a t e  
e s t e r  copolymers  r e t a i n e d  shape  and  s t r e n g t h  b e t t e r  t h a n  t h o s e  
d e r i v e d  from a c r y l a t e  e s t e r .  A l l  f u t u r e  o p t i m i z a t i o n  work' i s  
b e i n g  done w i t h  t h e  m e t h a c r y l a t e  copo lymers .  

.b .  2-Vinylpyridine-Diethylfumarate Copolymer 

The polymer p r e p a r e d  by c o p o l y m e r i z a t i o n  o f  a 1:l c h a r g e  
of monomers had a 0 . 6 6 : 0 . 3 4  monomer c o m p o s i t i o n .  I ts  m o l e c u l a r  
we igh t ,  based on v i s c o s i t y ,  was v e r y  low and t h e  polymer gave 
v e r y  b r i t t l e  f i l m s .  No f u t u r e  work w i t h  t h i s  p a i r  i s  p l a n n e d .  

4 
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c .  2-Vinylpyridine-Methacrylic Acid -Bu ty lv iny l  
E t h e r  Terpolymers  

A t e c h n i q u e  f o r  improving  t h e  f i lm- fo rming  c h a r a c t e r i s t i c  
o f  m e t h a c r y l i c  a c i d  copolymers  d i r e c t l y  i s  t o  i n c o r p o r a t e  b u t y l -  
v i n y l  e the r  u n i t s  i n t o  t h e  polymer c h a i n .  Two t e r p o l y m e r s  o f  
2 - ~ i n y l p y r i d i n e , r n e t h a c r y l i c  a c i d  and b u t y l v i n y l  e t h e r  were p r e -  
p a r e d .  A polymer h a v i n g  a p p r o x i m a t e l y  e q u a l  mole r a t i o s  o f  t h e  
t h r e e  monomers had improved film-forming2characteristics b u t  had  
a h i g h  e l e c t r i c a l  r e s i s t a n c e  ( 3 1  ohms-in ) .  A t e r p o l y m e r  w i t h  
l ower  b u t y l v i n y l  e t h e r  c o n t e n t  ( 0 . 3 5 : 0 . 5 5 : 0 . 1 0 )  d i d  n o t  g i v e  a 
u s a b l e  f i l m .  V i s c o s i t y  measurements o f  b o t h  t hese  polymers  i n -  
d i c a t e  t h a t  t h e i r  m o l e c u l a r  w e i g h t s  are low. 

d .  2 -Viny lpyr id ine -Male i c  Anhydride Polymers  

T h i s  t y p e  was chosen  bo th  b e c a u s e  o f  i t s  easy c o n v e r s i o n  
t o  t h e  f ree  a c i d  form and because i t  does  n o t  g i v e  any v o l a t i l e  
p r o d u c t s  on h y d r o l y s i s .  S e v e r a l  a t t e m p t s  were made t o  p r e p a r e  
2-vinylpyridine-maleicanhydride-butylvinyl e t h e r  t e r p o l y m e r s  and 
2 - v i n y l p y r i d i n e - m a l e i c  a n h y d r i d e  copolymers  w i t h  b o t h  f r ee  r a d i -  
c a l  c a t a l y s t s  and z i n c  chlo;-!de c a t a l y s t s .  A l l  po lymers  were 
brown powders ,  and measurements o f  v i s c o s i t y  o f  s o l u t i o n s  o f  two 
o f  t h e  polymers  i n d i c a t e d  t h a t  t h e y  have  low m o l e c u l a r  w e i g h t s .  
The m a l e i c  a n h y d r i d e  c o n t e n t  o f  these po lymers ,  e s p e c i a l l y  t h e  
copolymer ,  are v e r y  h i g h .  These p r o p e r t i e s  s u g g e s t  t h a t  t h e  
p r o d u c t s  are low m o l e c u l a r  w e i g h t  complexes.  No f u r t h e r  work 
w i t h  t h i s  s y s t e m  i s  con templa t ed .  

2 .  S u b s t i t u t i o n  o f  Ligands. on Styrene  Polymers-and Copolymers 

a .  Copolymers 

Techn iques  t o  s u b s t i t u t e  l i g a n d s  o n t o  copolymers  such  as 
p o l y s t y r e n e - m e t h y l  m e t h a c r y l a t e  are  b e i n g  deve loped  s o  t h a t  t h e  
p r o p e r t i e s  o f  these  polymers  can be  t a i l o r e d  more c l o s e l y  t o  t h e  
r e q u i r e m e n t s  o f  t h e  s e p a r a t o r  material. Methyl  m e t h a c r y l a t e  was 
c h o s e n  as comonomer w i t h  s t y r e n e  f o r  t h r e e  r e a s o n s .  F i r s t ,  i t  
c o p o l y m e r i z e s  w e l l  w i t h  s t y r e n e  monomer; s econd ,  i t  i n c r e a s e s  
t h e  f l e x i b i l i t y  of  t h e  polymer;  and t h i r d ,  i t  l o w e r s  t h e  res is-  
t i v i t y  o f  t h e  polymer a f t e r  s a p o n i f i c a t i o n .  

Two r o u t e s ,  i l l u s t r a t e d  below,  for p r e p a r a t i o n  o f  these  
p o l y m e r s  are b e i n g  u s e d .  I n  t h i s  scheme LH r e p r e s e n t s  t h e  
l i g a n d .  
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C H = C H 2  

C H 2 L  

CH2 
li 

C H 3 C - C O O C H 3  

. b:; C 

CH? E"' - C O O € H 3  

C H 2 C 1  

I 
C A I  n 

H 3  
- C H 2 -  

OOCH3 

1 

r 
C H 3  - 

I 
I 

C H - C H 2 - C - C H 2 -  

COOCH3 I. 
The s t a r t i n g  reagent  i n  t h i s  method,  a r - c h l o r o m e t h y l -  

styrcr:t? [ A ]  was p r e p a r e d  u s i n g  t h e  proc(. t iure d e s c r i b e  a b y  C l a r k e  
( r e f .  2 ) .  

B r C H C H 3  CHz.CH2 
A 

[ B j  + B r 2  u v  A 

C H 2 C 1  H 2 C 1  

[Dl C A I  

n lhe product [A] c o n s i s t s  of about  7 0 %  p a r a  isorner and 30% o r t h o  
i s o m e r .  
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Poly  (v iny lbenzy l -2 -py . r idy lme thy lamine  )- methy l  
m e t h a c r y l a t e  copolymer,  where LH i s @ C H 2 - N H 2 ,  was p r e p a r e d  by 
b o t h  r o u t e s .  A h i g h e r  m o l e c u l a r  w e i g h t  polymer ( s o f t e n i n g  rance 
1 2 O - 1 4 O 0 C ,  and r e l a t i v e  v i s c o s i t y  o f  1% s o l u t i o n ,  1 .15)  was 
o b t a i n e d  by Route I .  ‘The ra te  of  p o l y m e r i z a t i o n  o f  v i n y l b e n z y l -  
2 -py r idy lme thy lamine  w i t h  methyl  m e t h a c r y l a t e  (Route  11) was 
e x t r e m e l y  low and t h e  low m o l e c u l a r  we igh t  p r o d u c t  i s o l a t e d  a f t e r  
80 h o u r s  a t  80°C had a s o f t e n i n g  r a n g e  7 5 - 1 O O O C  ( r e l a t i v e  v i s c o s i t y  
o f  1% s o l u t i o n ,  1 . 0 5 ) .  The r a t e  o f  homopolymer iza t ion  o f  t h i s  
monomer a t  80°C was a l s o  low. 

b .  I m i n o d i a c e t i c  Acid Ligand on P o l y s t y r e n e  

The homopolymer, poly[N-(ar-vinylbenzy1)iminodiacetic 
a c i d ]  was p r e p a r e d  t o  d e t e r m i n e  t h e  s t a b i l i t y  o f  t h e  i m i n o d i a c e t i c  
a c i d  g roup  i n  40% KOH. The polymer was p r e p a r e d  from i t s  monomer 
by p o l y m e r i z a t i o n  w i t h  p e r s u l f a t e  c a t a l y s t  i n  w a t e r .  The monomer 
was p r e p a r e d  by r e a c t i o n  o f  t h e  sodium s a l t  o f  i m i n o d i a c e t i c  a c i d  
w i t h  chloromethylvinylbenzene u s i n g  a p r o c e d u r e  d e s c r i b e d  by 
M o r r i s  ( r e f  3 ) .  

c .  S u b s t i t u t i o n  o f  8-Hydroxyquinol ine on P o l y s t y r e n e  

We found t h a t  8 -hydroxyqu ino l ine  c o u l d  b e  s u b s t i t u t e d  
o n t o  p o l y s t y r e n e  by t h e  F r i e d e l - C r a f t s  r e a c t i o n  i n  n i t r o b e n z e n e  
of  p o l y s t y r e n e  w i t h  5-chloromethyl-8-hydroxyquinoline hydro-  
c h l o r i d e .  I n  t h i s  p r e p a r a t i o n  p o l y s t y r e n e  w i t h  m o l e c u l a r  w e i g h t  
2 0 , 0 0 0  was u s e d .  

C H 2 C 1  L J L 

OH 

n 

The p r o d u c t  o b t a i n e d  u s i n g  0 . 5  mole of  ch lo romethy l  coliipourid p e r  
s t y r e n e  u n i t  c o n t a i n e d  a b o u t  2 7 %  s u b s t i t u t i o n  and had P softening 
r a n g e  o f  1 2 3 - 1 4 5 O C .  
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d. Ligand Substituents on High Molecular Weight 
Polystyrene 

New preparations of poly(vinylbenzylcatecho1) and 
poly(vinylbenzy1-2-pyridylmethylamine) from polystyrene with 
molecular weights of about 100,000 were also made using the same 
procedure as before (ref. 1) except that the polymers were re- 
tained in solution. The polymers were not isolated since we found 
that the polymers prepared previously would not redissolve after 
solvent had once been completely removed. The solutions of polymers 
were used to cast films. However, the films prepared (alone or 
on polypropylene substrate) were brittle and not usable. 

3.  P o l y m e r s  f r o m  4,6-Diamino-Z-Vinyl-s-Triazine 

4,6-Diamino-2-vinyl-sym-triazine was prepared by reaction 
of biguanide sulfate with acrylyl chloride in basic medium (ref. 4). 

The monomer polymerizes readily in aqueous so-u -on with 
persulfate catalysis. An attempt to copolymerize this monomer 
with methyl methacrylate was unsuccessful. 

4. 2 - V i n y l - 6 - A m i n o p y r i d i n e  

'I'WO further attempts to prepare 2-ethanoi-6-aminopyriainey 
the intermediate for proparation of the above monomer, using the 
general procedure described by Cislak (ref. 5 )  were made. In one, 
xylene was used as solvent for reaction of sodamide with 2-ethanol- 
pyridine; in the other, dimethylaniline was used as solvent. None 
of the desired product was isolated in either attempt. 

- 
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B. SCREENING TESTS FOR POLYMER STABILITY 

1. Thermal Stability at 135°C 

R e s u l t s  o f  i s o t h e r m a l  g r a v i m e t r i c  a n a l y s i s  o f  po lymers  
t e s t e d  are  shown i n  T a b l e  2 .  The method o f  a n a l y s i s  was t h e  same 
as t h a t  d e s c r i b e d  i n  t h e  f i r s t  q u a r t e r l y  r e p o r t  ( r e f .  1). Two 
t e r p o l y m e r s  c o n t a i n i n g  m e t h a c r y l i c  a c i d  g roups  i n  t h e  c h a i n  de- 
h y d r a t e d  p a r t i a l l y  unde r  these  c o n d i t i o n s  as e v i d e n c e d  b y  a 
d e c r e a s e  i n  a c i d  f u n c t i o n a l i t y  and a p p e a r a n c e  o f  a n h y d r i d e  g roups  
i n  t h e  i n f r a r e d  spec t rum.  T h i s  t y p e  of d e h y d r a t i o n  was d e t e c t e d  
p r e v i o u s l y  i n  o t h e r  copolymers  c o n t a i n i n g  c a r b o x y l i c  a c i d  g r o u p s .  
Changes i n  o t h e r  po lymers  t e s t e d  were minor .  

2. Hvdrolvtic Stabilitv i n  40% KOH a t  135OC 

The t e s t  p r o c e d u r e  used  t o  measure s t a b i l i t y  o f  polymers  
i n  40% KOH a t  135°C was d e s c r i b e d  b e f o r e  ( r e f .  1). R e s u l t s  o f  
t e s t s  done i n  t h i s  r e p o r t  p e r i o d  a re  l i s t e d  i n  Tab le  3 .  

T o t a l  r e c o v e r y  o f  2 -v iny lpyr id ine -me thy l  m e t h a c r y l a t e  
polymers  was o v e r  90% w i t h  t h e  e x c e p t i o n  o f  t h e  polymer w i t h  h i g h  
a c i d  c o n t e n t  ( 7 7 % )  t h a t  d i s s o l v e d  on h y d r o l y s i s  (120-hr  e x p o s u r e ) .  
The o t h e r  po lymers  were o n l y  p a r t i a l l y  s a p o n i f i e d  d u r i n g  t h e  60  h r  
e x p o s u r e  p e r i o d .  The r e c o v e r e d  polymers  were i s o l a t e d  i n  two 
f r a c t i o n s .  The s a p o n i f i e d  f r a c t i o n  was s o l u b l e  i n  d i l u t e  c a u s t i c .  
I t s  s p e c t r u m  i n  t h e  a c i d  form was i d e n t i c a l  t o  t h a t  o f  a sample 
o f  polymer s a p o n i f i e d  i n  a l c o h o l i c  1 N  N a O H .  The spec t rum o f  t h e  
p o t a s s i u m  s a l t  of  t h i s  f r a c t i o n  showed no r e s i d u a l  e s t e r  func-  
t i o n a l i t y .  The spec t rum of t h e  w a t e r - i n s o l u b l e  f r a c t i o n  was 
i d e n t i c a l  t o  t h a t  of  t h e  o r i g i n a l  e s t e r  form o f  polymer .  The 
p e r c e n t a g e  r e c o v e r e d  i n  t h e  e s t e r  form was 7 2 %  f o r  t h e  0 . 5 4 : 0 . 4 6  
polymer  (94503)  and 51% f o r  t h e  0 .38 :0 .62  polymer ( 9 4 5 0 5 ) .  A 
s imi l a r  2 - v i n y l p y r i d i n e - m e t h y l a c r y l a t e  copolymer i s  s a p o n i f i e d  
c o m p l e t e l y  i n  t h e s e  c o n d i t i o n s .  

Weight l o s s e s  o f  t h e  2-vinylpyridine-methacrylic a c i d -  
b u t y l v i n y l  e t h e r  t e r p o l y m e r s  were h ighe r  t h a n  would be e x p e c t e d .  
iu'u Ciiar igeS i i i  chziiiieal s t r u c t u r e  cf r e rnve red  polymers  were de- 
t e c t e d  and i t  a p p e a r s  t h a t  t h i s  we igh t  l o s s  i s  due  t o  s o l u b i l i t y  
of low m o l e c u l a r  weight  f r a c t i o n s  i n  40% K O H .  

P o l y a c r y l o n i t r i l e  d i s s o l v e d  c o m p l e t e l y  unde r  t e s t  cond i -  
t i o n s ,  i l l u s t r a t i n g  t h e  l a r g e  d i f f e r e n c e  i n  s t a b i l i t y  o f  t h e  
homopolymer compared t o  s t y r e n e - a c r y l o n i t r i l e  copolymer t h a t  
h y d r o l y z e d  o n l y  s l i g h t l y  unde r  t h e  same c o n d i t i o n s  ( r e f .  1) .  
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C .  C O M P R E H E N S I V E  E V A L U A T I O N  OF L I G A N D  P O L Y M E R S  A S  B A T T E R Y  
S E P A R A T O R  M A T E R I A L S  

1 .  G e n e r a l  

F i l m  samples o f  po lymers  a re  b e i n g  t e s t e d  f o r  s t a b i l i t y  
and d u r a b i l i t y  i n  4 0 %  KOH and i n  4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  
o x i d e s  a t  135°C. The f o l l o w i n g  p r o p e r t i e s  o f  t h e  f i l m s  a re  b e i n g  
measured b e f o r e  and a f t e r  exposure .  

(See S e c t i o n  6 )  

c .  Pore  S i z e  

S t r a i g h t  t h r o u g h  p o r e  s i ze s  are  measured by  t h e  e l e c t r o -  
l y t e  p e r m e a b i l i t y  method o f  S a l k i n d  and K e l l e y  ( re f  6 ) . u s i n g  40% 
KOH e l e c t r o l y t e .  C o n s t a n t s  f o r  4 0 %  KOH used  i n  t h e  c a l c u l a t i o n  
o f  p o r e  r a d i u s  were 1 .396  g / c c  d e n s i t y  and 0 . 0 3 3  gicm-sec v i s c o s -  
i t y .  

1) Dimensions 

2 )  E l e c t r o l y t e  a d s o r p t i o n  

3 )  E l e c t r i c a l  r e s i s t a n c e  

4 ) Appearance 

5 )  T e n s i l e  s t r e n g t h  

I n  a d d i t i o n ,  t e s t s  t o  measure p o r e  s i z e  and r e s i s t a n c e  
o f  s e p a r a t o r  materials t o  p e n e t r a t i o n  by z i n c  d e n d r i t e s  have  
been  s t a r t e d .  These p r o p e r t i e s  were measured f o l l o w i n g  g e n e r a l  
p r o c e d u r e s  deve loped  f o r  e v a l u a t i o n  o f  s e p a r a t o r s  f o r  s i l v e r - z i n c  
b a t t e r i e s  ( r e f .  6 )  as f o l l o w s .  

a.  E l e c t r i c a l  R e s i s t a n c e  

T h i s  t e s t  method was d e s c r i b e d  i n  o u r  f i r s t  r e p o r t  ( r e f .  1 ) .  

b .  T e n s i l e  S t r e n g t h  

Data o b t a i n e d  b y  measur ing  a d s o r b a n c e  o f  e l e c t r o l y t e ,  p o r e  
s i z e ,  e l e c t r i c a l  r e s i s t a n c e ,  and d i m e n s i o n a l ,  changes  a f t e r  soak-  
i n g  i n  e l e c t r o l y t e  were used  t o  c a l c u l a t e  e f f e c t i v e  p o r o s i t y  and 
t o  es t imate  t h e  t o r t u o s i t y  o f  t h e  p o r e s .  The t o r t u o s i t y  f a c t o r  
was c a l c u l a t e d  by t h e  e q u a t i o n  ( r e f .  7 ) :  



( E f f e c t i v e  P o r o s i t y  ) TF = 'membrane 
KOH 

R e s u l t s  of  i n i t i a l  t e s t s  a r e  l i s t e d  i n  Table  6 .  

d .  Zinc P e n e t r a t i o n  T e s t  

A t e s t  p r o c e d u r e  similar t o  t h a t  d e s c r i b e d  by D a l i n  and 
Solomon ( r e f .  6 )  was used .  The t e s t  c e l l  i s  i d e n t i c a l  t o  t h e i r s .  
C u r r e n t  ( 1 0  ma) i s  s u p p l i e d  by an Acopian Model K-55 power s u p p l y  
w i t h  a r h e o s t a t  and metered by a Weston Model 911 d-c milliammeter. 
T r a v e r s a l  i s  t h e  t i m e  r e q u i r e d  for t h e  v o l t a g e  t o  d r o p  below 
1 v o l t .  T h i s  t i m e  i s  measured by conveying  t h e  r e f e r e n c e  v o l t a g e  
f rom a Hewlet t -Packard Model 4 1 2 A  d-c vacuum t u b e  v o l t m e t e r  t o  a 
Simpson meter r e l a y  t h a t  a c t i v a t e s  an Eagle  s i g n a l  t imer a t  t h i s  
s h u t - o f f  v o l t a g e .  

The s e p a r a t o r s  are p resoaked  f o r  a t  l ea s t  1 6  h o u r s  i n  t h e  
t e s t  s o l u t i o n ,  1 M  ZnO i n  4 0 %  KOH. 

2. 2-Vinylpyridine-(meth)acrylic A c i d  Copolymers 

I n i t i a l  t e s t s  t o  measure t h e  s t a b i l i t y  o f  t h e  membranes 
a t  1 3 5 O C  i n  4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  o x i d e s  have shown t h a t  
t h e  polymers  are s t ab le  i n  t h i s  env i ronmen t .  Our e f f o r t s  a re  
now d i r e c t e d  a t  f i n d i n g  t h e  optimum compos i t ion  of  copolymer and 
improved methods o f  membrane p r e p a r a t i o n ,  i n c l u d i n g  s a p o n i f i c a t i o n  
c o n d i t i o n s  f o r  t h e  e s t e r  p r e c u r s o r s ,  f o r  making a d u r a b l e  membrane 
w i t h  low e l e c t r i c a l  r e s i s t a n c e .  R e s u l t s  o f  e v a l u a t i o n  t e s t s  are  
summarized i n  T a b l e s  4 ,  5 ,  and 6 .  

Both 2 -v iny lpyr id ine -me thy l  a c r y l a t e  and 2 - v i n y l p y r i d i n e -  
me thy l  m e t h a c r y l a t e  copolymers  form e x c e l l e n t  f i l m s .  S e v e r a l  
s a p o n i f i c a t i o n  c o n d i t i o n s  were t r i e d  w i t h  these  polymers  t o  de- 
t e r m i n e  t h e  b e s t  way of  p r e p a r i n g  t h e  f r e e  a c i d  g roups  w h i l e  
r e t a i n i n g  f i l m  i n t e g r i t y ,  The m e t h a c r y l a t e  po lymers  are  more 
r e s i s t a n t  t o  s a p o n i f i c a t i o n  and r e q u i r e  l o n g e r  r e a c t i o n  t imes  
U i l u C I -  LuIAuIVIVIIU. The h e s t  medium found s o  f a r  i s  4 0 %  KOH 
a t  135°C. Other  h y d r o l y s i s  m e d i a  t h a t  were t r i e d ,  b u t  found 
e i t h e r  i n e f f e c t i v e  w i t h i n  r e a s o n a b l e  r e a c t i o n  t imes a n d / o r  
d i s s o l v e d  t h e  r e s u l t a n t  polymer are  l i s t e d  below: 

---J-- - 1 1  A h - A 4 + . t m n c  

1. 1N H C 1  s a t u r a t e d  wi th  N a C l  

2 .  1N N a O H  

1 4  
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3.  1 N  a l c o h o l i c  N a O H  s a t u r a t e d  w i t h  N a C l  

We have a l s o  found i t  n e c e s s a r y  t o  s u p p o r t  t h e s e  f i l m s  
d u r i n g  h y d r o l y s i s  i n  o r d e r  t o  m a i n t a i n  r e a s o n a b l e  f i l m  s h a p e .  
The f o l l o w i n g  methods o f  s u p p o r t i n g  these  f i l m s  have been  t r i e d :  
(1) h o l d i n g  t h e  f i l m s  between two p i e c e s  o f  s i l v e r  s c r e e n ,  ( 2 )  
c l amping  t h e  f i l m  i n  a T e f l o n  frame, ( 3 )  f a s t e n i n g  t h e  f i l m  on a 
T e f l o n  c y l i n d e r  w i t h  s i l v e r  w i r e ,  and ( 4 )  c a s t i n g  f i l m  on po ly -  
p r o p y l e n e  s u b s t r a t e  and s a p o n i f y i n g  t h e  r e s u l t i n g  membrane w i t h o u t  
a d d i t i o n a l  s u p p o r t .  

Smal l  samples have been  s u c c e s s f u l l y  s a p o n i f i e d  t o  f i l m s  
w i t h  a c c e p t a b l y  low e l e c t r i c a l  r e s i s t a n c e  by  a l l  t h e  above methods ,  
b u t  t h e  u s e  o f  t h e  c y l i n d e r  s u p p o r t  and u s e  o f  p o l y p r o p y l e n e  
s u b s t r a t e  have g i v e n  f i l m s  w i t h  f ewer  mechan ica l  i r r e g u l a r i t i e s .  

Membranes were a l s o  p repa red  by  c a s t i n g  2 - v i n y l p y r i d i n e -  
m e t h a c r y l i c  a c i d  copolymers  i n  po lyp ropy lene  s u b s t r a t e .  These  
f i l m s  were f l e x i b l e ,  b u t  some polymer was m e c h a n i c a l l y  l o s t  f rom 
t h e  s u b s t r a t e  d u r i n g  e x p o s u r e  p e r i o d s .  The polymers  used  on these  
membranes were prepared  d i r e c t l y  by c o p o l y m e r i z a t i o n  o f  2 -v iny l -  
p y r i d i n e  w i t h  m e t h a c r y l i c  a c i d  and have lower  m o l e c u l a r  w e i g h t s  
t h a n  copolymers  d e r i v e d  from h y d r o l y s i s  o f  e s t e r  copolymers .  

R e s u l t s  of  o u r  i n i t i a l  t e s t s  lead t o  t h e  f o l l o w i n g  
c o n c l u s i o n s .  

1) Membranes d e r i v e d  from 2VP-methyl m e t h a c r y l a t e  
r e t a i n  shape b e t t e r  on s a p o n i f i c a t i o n  and have h i g h e r  s t r e n g t h  
t h a n  t h o s e  d e r i v e d  from 2VP-methyl a c r y l a t e .  

2 )  Optimum a c i d  c o n c e n t r a t i o n  i n  l i n e a r  copolymers  i s  
55 t o  65%.  Membranes w i t h  ac id  c o n t e n t s  unde r  50% have h i g h e r  
i n i t i a l  e l e c t r i c a l  r e s i s t a n c e s  and larger i n c r e a s e s  i n  r e s i s t a n c e  
a f t e r  e x p o s u r e  t o  40% KOH s a t u r a t e d  w i t h  s i l v e r  o x i d e s .  I n i t i a l  
t e s t s  o f  membranes t h a t  c o n t a i n  o v e r  50% a c i d  i n  t h e  copolymer 
i n d i c a t e d  t h a t  e l e c t r i c a l  r e s i s t a n c e  r ema ins  low a f t e r  e x p o s u r e  
t o  t h e  s i l v e r  o x i d e s .  We found t h a t  l i n e a r  copolymers  w i t h  a c i d  
c m t e n t s  CVPY zhcnt. 7 0 %  are no t  u s a b l e  b e c a u s e  o f  t h e i r  h i g h  
s o l u b i l i t y  i n  4 0 %  KOH a t  135°C. 

3 )  S t r a i g h t - t h r o u g h  p o r e  s i z e s  were l a r g e s t  f o r  s u p p o r t e d  
( p o l y p r o p y l e n e  s u b s t r a t e )  f i l m s  made e i t h e r  d i r e c t l y  f rom an  
a c i d  copolymer ( 8 9 7 9 5 )  o r  by s a p o n i f i c a t i o n  o f  a n  e s t e r  copolymer 
( 9 4 5 6 7 ) .  The s u b s t r a t e  a l s o  d i d  n o t  a p p e a r  t o  improve r e s i s t a n c e  
t o  z i n c  p e n e t r a t i o n .  

18 



4) Exposure  o f  copolymer membranes t o  s i l v e r  i o n s  gen- 
e r a l l y  a p p e a r s  t o  i n c r e a s e  e l e c t r i c a l  r e s i s t a n c e  and p o r e  t o r t u -  
o s i t y ,  A few membranes f o r  which w e  do n o t  have p o r e  s i z e  
measurements  have  lower  e l e c t r i c a l  r e s i s t a n c e  a f t e r  e x p o s u r e  t o  
s i l v e r  i o n s .  

3 .  Styrene-Maleic Anhydride 

Two t y p e s  o f  s t y r e n e - m a l e i c  a n h y d r i d e  membranes h a v e , b e e n  
t e s t ed .  The f i r s t  are  polymer f i l m s  t h a t  are  e n c a s e d  i n  p o l y -  
p r o p y l e n e  wrappe r s  and p r e s s e d  i n s i d e  a s i l v e r  s c r e e n .  The 
second  a re  copolymer f i l m s  cast  on a 4 - m i l  p o l y p r o p y l e n e  s u b s t r a t e .  
E l e c t r i c a l  r e s i s t a n c e s  f o r  t h e s e  compos i t e  membranes a re  a c c e p t a b l y  
low and r ema in  low a f t e r  exposure  a t  135°C t o  4 0 %  KOH a l o n e  or 
s a t u r a t e d  w i t h  s i l v e r  o x i d e s  ( T a b l e s  4 and 5 ) .  The sample o f  
polymer on t h e  p o l y p r o p y l e n e  s u b s t r a t e  had t h e  l o w e s t  r e s i s t a n c e  
( 9 . 6  ohm- in . ) ,  as would b e  e x p e c t e d .  

Measurements of t h e  r e s i s t a n c e  t o  p e n e t r a t i o n  b y  z i n c  
d e n d r i t e s  o f  unsuppor t ed  s t y r e n e - m a l e i c  a n h y d r i d e  membranes 
i n d i c a t e  t h a t  i t  res is ts  z i n c  p e n e t r a t i o n  b e t t e r  t h a n  t h e  v i n y l -  
p y r i d i n e  copolymers  and p o l y v i n y l a l c o h o l  ( T a b l e  6 ) .  

4. Polvstvrenes with Liaand Substituents 

A membrane o f  t h e  4-(5-methylene-8-hydroxyquinolino)vinyl- 
b e n z e n e - s t y r e n e  0 . 2 7 : 0 . 7 3  copolymer was prepared  by c a s t i n g  a 2 0 %  
s o l u t i o n  of  polymer i n  benzene  o n t o  a 3-mil p o l y p r o p y l e n e  g u b s t r a t e .  
T h i s  membrane had h i g h  e l e c t r i c a l  r e s i s t a n c e  ( 2 . 7 5  ohm-in. ) .  
Our t e s t  r e s u l t s  i n d i c a t e  t h a t  a h i g h e r  degree o f  s u b s t i t u t i o n  o f  
l i g a n d  i n  t h i s  t y p e  o f  polymer i s  needed t o  b o t h  l o w e r  r e s i s t a n c e  
and r a i s e  t h e  s o f t e n i n g  p o i n t  o f  t h e  polymer t o  a u s a b l e  r a n g e  
for t h i s  program. 

5 .  Poly(Z-viny1-4,6-diamino-s-triazine 

U s a b l e  f i l m s  o f  t h i s  polymer were prepared  by c a s t i n g  a 
s o l u t i o n  c o n t a i n i n g  2 0  weight-% polymer i n  1 0 %  aqueous  H C 1  on 
p o r o u s  3-mil p o l y p r o p y l e n e  s u b s t r a t e .  A sample o f  t h i s  f f l m  
g a i n e d  5 8 %  i n  w e i g h t  a f t e r  s o a k i n g  ovei.iiight ir; 43% KOH 2nd had 
a r e s i s t a n c e  o f  60  ohm-cm. This i n d i c a t e s  t h a t  amino s u b s t i t u e n t s  
may b e  as e f f e c t i v e  as c a r b o x y l i c  a c i d  and h y d r o x y l  g roups  i n  
l o w e r i n g  r e s i s t i v i t y  of  o r g a n i c  po lymers .  However, t h i s  p a r t i c u l a r  
po lymer  i s  n o t  s t ab le  i n  40% KOH a t  135°C. A sample of t h e  polymer 
i n  powder form h y d r o l y z e d  and evolved  ammonia d u r i n g  t h e  60-hour 
s c r e e n i n g  t e s t .  



6. Tensile S t r e n g t h  o f  Membranes 

I n i t i a l  d e t e r m i n a t i o n s  o f  t e n s i l e  s t r e n g t h  o f  t h e  most 
p r o m i s i n g  polymers  were made. T e n s i l e  spec imens  were p r e p a r e d  
by s t amping  o u t  1 x 5 i n  samples  o f  o u r  polymer f i l m s  w i t h  a 
s t e e l  r u l e  d i e .  These. spec imens  were t e s t ed  i n  a n  I n s t r o n - T e n s i l e  
Tester equ ipped  w i t h  one i n c h  "TI' g r i p s  h a v i n g  s a n d p a p e r  l i n e r .  
The g r i p  s e p a r a t i o n  was 2.75 t 0 . 2 5  i n .  and t h e  c r o s s h e a d  s p e e d  
was 0 .5  in . /min  u n l e s s  n o t e d  c t h e r w i s e .  Data a re  summarized i n  
T a b l e  7 .  

I 

T e n s i l e  s t r e n g t h s  o f  a l l  t h e  polymers  t e s t e d  i n  t h e ' d r y  
form were a c c e p t a b l e .  R e p r o d u c i b i l i t y  o f  t h e  measurements  o f  t h e  
s t y r e n e - m a l e i c  a n h y d r i d e  polymer was p o o r  s i n c e  i t  was d i f f i c u l t '  
t o  o b t a i n  spec imens  f r e e  o f  a l l  i r r e g u l a r i t i e s  a t  t h e  edges. 
Maximum s t r e n g t h  o b t a i n e d  f o r  t h i s  polymer i n  t h e  d r y  c o n d i t i o n  
was 2610 p s i .  I n  c o n t r a s t ,  t h i s  po lymer  becomes e x t r e m e l y  
f l e x i b l e  a f t e r  s o a k i n g  i n  4 0 %  KOH and  e l o n g a t i o n s  a t  b r e a k  were 
55 t o  115% (315% a t  c r o s s h e a d  speed  o f  0 . 5  i n . / m i n ) .  

The 2 - v i n y l p y r i d i n e - e s t e r  copolymers  have  h i g h e r  s t r e n g t h s  
and g r e a t e r  f l e x i b i l i t y  when d r y .  I n i t i a l  t e s t s  i n d i c a t e  t h a t  
s u f f i c i e n t  s t r e n g t h  i s  a l s o  m a i n t a i n e d  a f t e r  s a p o n i f i c a t i o n  o f  
t h i s  t y p e  o f  polymer i n  4 0 %  KOH f o l l o w e d  by exposure  a t  135OC t o  
4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  o x i d e s .  The samples t e s t ed  were 
exposed  i n  s i l v e r  s c r e e n  h o l d e r s  and  c o n t a i n e d  some w r i n k l e s .  
It i s  e x p e c t e d  t h a t  h i g h e r  mechan ica l  s t r e n g t h  w i l l  b e  o b t a i n e d  
by improv ing  methods o f  s a p o n i f i c a t i o n  o f  t hese  f i l m s .  
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Table 7 

TENSILE STRENGTH OF MEMBRANES AT ROOM TEMPERATURE 

Film 
Condi ti on P o 1 y m e r 

2-Vi nylpyri d i  ne: methyl 
acrylate copolymer (0.56:0.44) Drv 

2 - V i n y l ~ y r i d i n e :  methyl 
methacrylate (0.38:0.62) 

2:l Mixture o f  2-VP: 
methylmethacrylate and 
2 VP: methacrylic acid 
copolymers 

Styrene-maleic anhydride 
copolymer ( 1  : 1 ) 

S ty re n e- ma 1 e i c an hvd r i de 
copolymer ( 1 : l )  

Styrene-maleic anhydride 
cop01 vmer ( 1  : 1 ) 

2-Viny1pyridine:methyl 
methacrylate (0.54:0.46) 

Styrene-maleic anhydride 
in 4 mil polypropylene 
wrapper 

Met with 
water 

Wet with 
40% KOH 

No. of Averaoe Tensile 
Soecimens Strenath,  si 

Wet with 
40% KOH 
after pre- 
exposure 
at 135°C 
for 120 hr 
to 40% KOH 
ai id  5 3  h r  
to 40% KOH 
saturated 
with silver 
oxides 

same a s  
above 

5800 

5030 

2140 

1760 

94 0 

220* 

1000 

388** 

2 1370 

*Crosshead speed 5 in/min; elongation at break 55 to 115% 
**Visible nicks in sample 

21 



I V .  PROGRAM P L A N  

A .  G E N E R A L  

Our general approach can be divided into the following 

1. Preparation of ligand-containing polymers. 

four phases : 

2. Screening tests. 

3. Preparation of copolymers and membranes. 

4. Comprehensive tests. 

Our program planning chart, showing the proposed distri- 
bution of effort to be expended on each of the phases, is given 
in Table 8. 

B .  A N T I C I P A T E D  WORK F O R  N E X T  Q U A R T E R  

1. Continue comprehensive evaluation of polymers that 
showed promise in the screening program as separator materials. 

2. Substitute the ligands 8-hydroxyquinoline and cate- 
chol on a polystyrene-methyl methacrylate copolymer backbone. 

3. Optimize mechanical characteristics of membranes made 
from 2-vinylpyridine-methyl methacrylate copolymers and styrene- 
maleic anhydride copolymers. 
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